P ostoPerative surgical site infections (SSIs) are among the most frequent and costly healthcare-associated infections. 20, 44 Depending on the type of surgery and infection depth, SSIs increase mortality rates and prolong postoperative lengths of stay. 4, 13, 38 In cranial neurosurgery, SSIs occur in 0.5%-7.2% of patients, frequently require reoperations and long-lasting antibiotic treatment, and are often life-threatening. 1, 11, 15, 21, 22, 31, 38, 39 More than 50% of SSIs have been considered preventable using evidence-based strategies. 42 The most widely used guidelines addressing prevention strategies were published by the Centers for Disease Control and Prevention (CDC) and the Society for Healthcare Epidemiology of America. 3, 6 Prevention measures range from adherence to standard principles of asepsis, i.e., timely administration of appropriate surgical antimicrobial prophylaxis (SAP) OBJECTIVE The objective of this study was to quantify surgical site infection (SSI) rates after cranial neurosurgery in a tertiary care hospital, identify risk factors for SSI, and evaluate the impact of standardized surveillance and an infection prevention bundle (IPB).
or the minimization of operative time, to the maintenance of intraoperative euglycemia and normothermia (for improved tissue oxygenation). The implementation of perioperative infection prevention bundles (IPBs), which includes a selection of individual evidence-based targets to reduce SSI, has proven particularly effective. IPBs have reduced SSI rates for a broad range of interventions 34 including colon, 40, 45 cardiac, and orthopedic surgery, 27 but also cranial neurosurgery. 17, 23, 26 In all of the above-mentioned guidelines, standardized surveillance with immediate personal feedback to surgeons is considered key, as this measure by itself reduces SSI. 12 In cranial neurosurgery, male sex, age greater than 60 years, smoking, longer preoperative stay, an operative duration longer than 3 hours, emergency or repetitive surgery, contaminated surgery, the use of implants, and CSF leakage or CSF drainage have been identified as independent risk factors for SSI. 1, 16, 21, 22, 26, 38, 39 The most frequent organisms found in neurosurgical SSI were Staphylococcus aureus, Cutibacterium acnes, and coagulase-negative staphylococci (CoNS). 1, 15, 16, 23, 31, 39 The identification of skin flora as the main source of infection directed the focus of our IPB and guided the selection of interventions.
The aims of our study were to quantify SSI rates in cranial neurosurgery at our tertiary care center and quantify the impact of individual risk factors for SSI. Furthermore, we aimed to evaluate whether standardized SSI surveillance combined with the implementation of an IPB can reduce SSI.
Methods

Data Collection and Definitions
The study was performed at the Department for Neurosurgery of the Kantonsspital Aarau Switzerland, with a catchment area of approximately one million inhabitants and 2000 surgical procedures performed per year. Based on a standardized case report form, SSI data were retrospectively collected from all patients undergoing cranial neurosurgical interventions between January and July 2012 as well as between January and July 2014, which is before and after the implementation of standardized surveillance and the IPB. We included standard neurosurgical procedures such as trepanation, craniotomy/craniectomy, cranioplasty, transsphenoidal surgery, and ventriculoperitoneal shunt (VPS) insertion. All SSIs up to 1 year after hospital discharge were collected based on hospital records, given that referral for infectious complications to other clinics is extremely rare.
The primary endpoint was the SSI rate after 3 months and 1 year for interventions without and with foreign material implants, respectively.
18 SSI was defined according to the CDC and classified into one of three groups: 1) superficial incisional (e.g., skin and soft-tissue infection), 2) deep incisional (e.g., bone flap osteitis), and 3) organ/space (e.g., subdural empyema, brain abscess, meningitis). 29 For all infections, we determined the time to SSI occurrence, the causative pathogens including their susceptibility pattern, as well as the 3-month and 1-year mortality rates.
The IPB
The IPB addressed established risk factors for SSI 3, 6 and was introduced in January 2013. It included 10 interventions addressing 6 different topics. Interventions consisted of reinforcing existing standards as well as introducing new ones (indicated in italics):
• Patient preparation: hair removal using clippers instead of razors. 3, 6, 24 • Antibiotic and antiseptic use: SAP with 1. 
Statistical Analysis
We used Stata/SE (version 12, StataCorp LP) for statistical analyses and Kaplan-Meier curves. Differences between SSI and non-SSI as well as between the pre-and post-IPB period were evaluated using chi-square tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. In cases of small sample sizes, Fisher's exact test was performed. Univariable and multivariable logistic regression analyses were used to identify patient-and procedure-related risk factors for SSI. Results are presented as odds ratios (ORs) with 95% confidence intervals (CIs).
Patient characteristics included age, sex, BMI, indication for surgery, cranial trauma within 4 weeks before surgery, American Society of Anesthesiologists (ASA) classification of physical status, perioperative corticosteroids (i.e., a prednisone equivalent ≥ 10 mg), non-CNS malignancy, diabetes mellitus, and the National Nosocomial Infection Surveillance (NNIS) risk index (NNIS score ranging from 0 to 3: 1 point each for wound class > 2, ASA score > 2 and duration of surgery > T-time [standard operative duration]; according to the CDC, T-time for craniotomy was set at 4 hours, and for VPS at 2 hours). 14, 18 Procedural characteristics included mode and duration of surgery; elective and clean surgery (i.e., Altemeier The Swiss Ethics Committee on research involving humans granted permission for the study.
Results
Baseline Characteristics
A total of 618 cranial neurosurgical interventions in 520 patients were analyzed, 322 (52.1%) in the pre-IPB period and 296 (47.9%) in the post-IPB period (Table 1) . Head trauma and cranioplasty were significantly more frequent in the pre-IPB period, whereas clean surgery and TachoSil-assisted hemostasis were more frequent after the IPB. SAP was documented for 574 interventions (92.9%), consisting of cefuroxime in 98.5%. For 113 interventions (18.3%), SAP was considered inadequate because it was not documented, concluded only after skin incision, or not repeated for surgeries of more than 4 hours duration. More operations were performed by or under the supervision of a senior faculty member before the IPB period (62.7% vs 51.7%, p = 0.006). A postdischarge follow-up at 3 months and 1 year (for patients with implants) was documented in 98.9% and 84.6%, respectively.
Primary Outcomes
Overall, 36 SSIs occurred with a median time to infection of 20 days (IQR 8.5-45.5 days). Twenty-nine SSIs (80.6%) were detected within 3 months after surgery (Table 2). The infection rate significantly decreased from 7.8% to 3.7% between the pre-and post-IPB period (p = 0.03). Post-IPB SSI rates for junior faculty decreased from 14.6% to 4.3%, while SSI rates remained low in senior faculty (4.5% vs 3.3%). While superficial and deep SSI accounted for 11.1% and 22.2%, respectively, the majority (66.7%) were organ/space infections. SSI-free survivals overall and stratified for localization of the infection are illustrated in Fig. 1 . The anatomical localization of the 36 SSIs was as follows: 6 patients (16.7%) had skin or soft-tissue infections at the incision site, 5 had autologous bone flap infections (13.9%), and 1 had a synthetic cranioplasty-associated infection. Subdural empyema was described in 10 patients (27.8%) and meningitis or ventriculitis in 7 (19.4%), 3 of which were associated with an external ventricular drain and 1 with a VPS. An epidural abscess was found in 5 (13.9%) patients, and a brain abscess in 2 (5.6%).
The most frequently detected organisms were S. aureus (41.7%), followed by C. acnes (22.2%) and CoNS (13.9%). Only 3 isolates (2 CoNS and 1 Pseudomonas aeruginosa) were nonsusceptible to SAP with cefuroxime (Table 3 ).
All patients with SSI received systemic antibiotic therapy, and 75% underwent surgical revision. Among the 30 infections associated with foreign material, the implant was removed or exchanged in 83.3%. The overall mortality rate was 9.1% after 3 months and 14.3% after 1 year, without a significant difference between the pre-and post-IPB period ( Table 2 ). Patients with SSI had a 1-year mortality rate of 24%.
Risk Factors for SSI
Considering the type of intervention, trepanation showed the highest infection rate with 7.0%, and VPS the lowest with 1.6% (Table 4) . Among the indications for surgery, most infections occurred in patients with brain metastases (12.8%), followed by subdural hematoma (10.2%), whereas the lowest infection rate was found for patients with hydrocephalus (1.6%).
In univariable logistic regression analyses, diabetes mellitus, non-CNS malignancy, subdural hematoma, use of Spongostan, and postoperative bleeding were significantly associated with SSI (Table 4 ). With ORs of 3.5 (95% CI 0.82-14.74) and 2.6 (95% CI 0.95-7.11), respectively, an NNIS score ≥ 1 and brain metastases also showed trends for a higher infection rate. Conversely interventions performed by senior faculty surgeons as head surgeon or first assistant were associated with significantly lower infection rates. In multivariable analysis, non-CNS malignancy (OR 3.82, 95% CI 1.39-10.53) and postoperative bleeding (OR 4.09, 95% CI 1.44-11.62) remained independently associated with SSI, while the post-IPB period (OR 0.38, 95% CI 0.17-0.85) and senior faculty surgeons as head surgeon or first assistant showed a lower SSI risk (OR 0.38, 95% CI 0.17-0.84; Table 4 ). For sensitivity analyses, we included all parameters with significant differences or trends for differences at baseline, but no significant univariate associations with SSI, in the multivariate analysis (i.e., head trauma, clean surgery, TachoSil use, cranioplasty, artificial cranioplasty, ICP monitoring, and VPS). None of these parameters showed a significant effect (p values between 0.24 and 0.49) or altered the correlation of non-CNS malignancy, postoperative bleeding, junior staff, and pre-IPB period with higher SSIs.
The correlation between the overall number of operations performed by an individual surgeon or technical operation assistant (plotted on the x-axis) and his or her cumulative infection rate (plotted on the y-axis) is shown in Fig. 2A and B, respectively. For both professions, we illustrate an inverse correlation between the number of operations and infection rates that became less important post-IPB (Fig. 2, full circles) as compared to pre-IPB (Fig.  2, open circles) , particularly for the individuals with a low number of interventions. 
Discussion
The introduction of an IPB combined with standardized surveillance and feedback in cranial neurosurgery was followed by a significant 53% reduction in SSI, from 7.8% to 3.7%. The high prevalence of deep and organ/ space infections (88.9%) with their frequent need for surgical revisions (75%) as well as the 24% mortality rate associated with an SSI emphasize the high impact of SSI in cranial neurosurgery. Therefore, prevention strategies including IPB are essential.
Perioperative IPBs are established as cost-effective interventions to prevent SSI. 34 For colon, cardiac, and orthopedic surgery, IPBs have reduced SSI rates by 40%-50%, which is in the range of our study. 27, 40, 45 There exist only limited data about the efficacy of IPBs in cranial neurosurgery, providing contradictory results. In one study, SSIs after cranioplasty were significantly reduced from 23.8% to 2.8% using an IPB combining vancomycin SAP and postoperative wound decolonization and standardized dressings. 23 Similarly, Liu et al. improved postcranioplasty infection rates from 10.5% to 1.8% using an IPB as well as active SSI monitoring. 26 Both studies had remarkably high preintervention SSI rates and a low number of included patients (57 and 199, respectively), as compared to the 520 patients included in our study. Conversely, an IPB addressing perioperative glucose and body temperature control had no effect on SSI. 16 Based on international guidelines 3, 6 and a literature review, our prevention bundle not only combined technical (e.g., hair clipping instead of shaving, strict alcohol-based disinfection) and process improvements (e.g., a specialized technical operation assistant team), but also reinforced the awareness of surgeons for strict barrier precautions and meticulous hemostasis. Similar to results in the literature, 1, 15, 16, 23, 31, 39 we found a high proportion of skin organisms causing SSI, justifying the focus of our IPB on timely SAP, skin disinfection, and barrier precautions. In addition, the low prevalence of cefuroxime resistance (9.7%) supported its use for SAP.
Surgical Site Infections
The infection rate of 3.7% in the post-IPB period is in the range of the 0.5%-7.2% described in published large series of cranial neurosurgery. 1, 11, 15, 21, 22, 31, 38, 39 In contrast to many studies reporting mere in-hospital SSI rates, patients in our study were monitored for 1 year if an implant was in place, which in itself explains higher SSI rates. Also, our follow-up rates of 98.9% at 3 months and 84.6% at 1 year were higher than those reported in the literature. 4, 15, 17, 41 As 63.9% of our infections were detected postdischarge and 19.4% beyond 3 months of follow-up, a significant number of infections would have been missed with a shorter follow-up period.
Analyzing the risk factors for SSI provides insight into its pathophysiology. Non-CNS malignancy (OR 3.8, p = 0.01) may be a surrogate for well-established risk factors for SSI such as chemotherapy-induced neutropenia, radiation-induced tissue damage, or malnutrition with consecutive hypoalbuminemia. 3, 6, 25 Diabetes mellitus, an established risk factor, showed a trend for higher SSI in multivariable analysis (OR 2.7, p = 0.06), which may be explained by associated immunodeficiency and impaired microcirculation. 30 With 10 of the 36 infections, subdural empyema was the most frequent SSI. The fact that 8 of 10 subdural empyemas originated from subdural hematoma and 5 of 10 were preceded by postoperative bleeding underlines the importance of hematoma in the pathophysiology of SSI. In regression analyses, both subdural hematoma and postoperative bleeding more than doubled the risk for SSI. Postoperative bleeding due to tissue traumatization or insufficient hemostasis provides a perfect breeding ground for contaminating bacteria. Spongostan use significantly correlated with SSI in univariable analysis, and continued to show a strong trend (OR 2.63, 0.95-7.31) in multivariable analysis. Its reduced use in the post-IPB period might have contributed to fewer SSIs, possibly by lowering the risk for foreign material-associated biofilm infections. Alternatively, improved hemostasis post-IPB might have lowered the need for Spongostan. Unlike results in the literature, neither wound or external CSF drainage, although performed in 50.8% and 12.3%, respectively, nor invasive ICP monitoring were associated with SSI in our study.
6,38
Senior and Junior Faculty Interventions performed or supervised by senior faculty surgeons showed significantly fewer infections than operations performed by junior faculty (OR 0.38, 95% CI 0.17-0.84), although senior faculty performed the most difficult and long-lasting operations, which generally are associated with higher infection rates. This may also explain why trepanations-a relatively simple intervention mainly performed by junior faculty-had the highest infection rate. This underlines the importance of experience and surgical skills for SSI prevention. The predictive value of good surgical skills for lower SSI rates has impressively been demonstrated for laparoscopic surgery. 8 A high degree of experience not only benefits the individual surgeon, but also the hospital. There is strong data correlating a high operative volume with better outcome, including lower mortality. 19, 37 In the study by Jafari et al., however, high surgical volume provided its maximal benefit only in combination with accreditation, a process requiring thorough standardization and defined procedures. 
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FIG. 1. Kaplan-Meier curves for SSI-free survival by type of infection for the 36 infections identified during a 1-year follow-up.
Twenty-six (72%) and 29 (81%) were detected within 1 and 3 months after surgery, respectively. In our study, the introduction of the IPB mainly decreased SSI rates for junior faculty (14.6% vs 4.3%), while SSI rates remained stable and low in senior faculty (4.5% vs 3.3%). Comparing the number of operations performed with the overall infection rate per person (Fig. 2) , IPB had the greatest impact in less experienced surgeons and technical operation assistants, who presumably need standardization the most.
The IPB enforced conventional training but did not include standardized individual coaching. In the literature, individual coaching has demonstrated a quantifiable positive impact not only on technical skills, but also on learners' perceptions and attitudes. 9, 32 However, coaching has also been seen as a challenge to the surgical culture, complicating its introduction in clinical routine. 35 Because clinical surrogates of gentle tissue handling, such as the proportion of postoperative bleeding (6.5% vs 7.1%) or the use of hemostatic agents (59.3% vs 59.5%), did not show an improvement post-IPB, we lack evidence of improved surgical skills or increased awareness of bleeding risks after the implementation of the bundle.
Study Strengths and Limitations
The strengths of our study include the high number of unselected patients with a broad range of interventions, high follow-up rates, and the extensive collection of risk factors for SSI.
Our study has several limitations. The retrospective design of the study results in reporting bias. Second, the low number of end points reduces the statistical power to identify risk factors for SSI. Third, with a large number of baseline characteristics, significant differences may be due to chance alone. Fourth, differences in baseline characteristics between the pre-and post-IPB period may have influenced the outcome. We therefore performed multivariate sensitivity analyses including all parameters with significant differences or trends for differences at baseline. Remarkably, none of these parameters altered the significant effect of the IPB on SSI. Fifth, CSF leakage, an established risk factor for SSI in several reports, 21, 22 was not recorded in our study. Furthermore, we do not have compliance data for each of the 10 individual interventions of the IPB. Novel concepts such as the introduction of hair clippers or the creation of a specialized technical operation assistant team reached 100% compliance. Strict alcohol-based skin disinfection improved from 93% to 97% (p = 0.04), whereas the proportion of adequate SAP remained unchanged (82% vs 81%, p = 0.86). In contrast, behavioral changes could not be quantified, due to both a lack of resources for monitoring and the difficulty of measuring attitudes. Barrier precautions were regularly controlled in the operating theater with direct feedback to the staff, but not collected systematically. Also, the Hawthorne effect, i.e., increased awareness of the importance of infection control only by being part of an intervention study, presumably increased the effect of the individual interventions. 10 Lastly, changes in the composition of the surgeons' and technical assistants' teams may have influenced SSI dynamics in addition to the IPB. However, there were neither statistically significant associations of SSI with individuals nor abnormal fluctuation rates. The exclusive inclusion of cranial neurosurgery in the study limits the applicability of our results to neurosurgical procedures in general.
Conclusions
The implementation of an IPB was followed by a significant reduction of SSI in cranial neurosurgery. The overall effect exceeded the measurable effect of the 10 individual interventions included in the bundle, suggesting that increasing the awareness of the importance of infection control by standardized surveillance and feedback is key. Postoperative bleeding was the most important modifiable risk factor for infection and should be addressed by meticulous hemostasis rather than use of hemostatic agents bearing a risk for biofilm infections. Furthermore, the data underline both the importance of surgical experience as well as thorough supervision and coaching of younger colleagues.
